2 ABSTRACT Background and aim. Evidence is accumulating to suggest that higher exposure to solar
Introduction
Ovarian cancer is the sixth most common cause of cancer death in women and has a poor overall 5-year survival rate of 40% (1) . A number of factors such as nulliparity (2) and family history of breast or ovarian cancer (3) have consistently been found to increase the risk of ovarian cancer; while factors such as use of hormonal contraceptives (4) and having had a tubal ligation (5) are known to decrease risk. However, these factors account for only a relatively small proportion of the disease and thus obtaining a better understanding of the etiology of this disease remains a priority.
There is mounting interest in the role of sun exposure in the development of internal cancers including ovarian cancer. Ecological studies have shown an inverse association between latitude (as a proxy of ambient ultraviolet radiation -UVR) and both ovarian cancer incidence and mortality (6) (7) (8) . However ecological studies are limited due to the lack of individual level information about exposure and confounders, and there are few observational reports in the literature. One case-control study from the United States found that the level of ambient UVR estimated from the state of residence recorded on the death certificate was inversely associated with mortality from ovarian cancer (9), but there was no association with sun exposure estimated from usual occupation. Recently, a longitudinal study also in the United States showed no association between residential ambient UVR and risk of ovarian cancer (10) .
A better understanding of the link between UVR and ovarian cancer could provide opportunities for prevention of ovarian cancer. We thus used data from a population-based case-control study to examine the association between lifetime ambient UVR and ovarian cancer risk.
Materials and Methods
Cancer Research. The study protocol and procedures have been fully described elsewhere (11) . Briefly, of 3553 women identified with suspected ovarian cancer (most women were identified prior to surgery and thus prior to histologic diagnosis), 304 women died before contact could be made, 194 women could not be contacted and 133 cases were too ill or unable to give informed consent. A further 167 patients (5%) were excluded on the basis of language difficulties (70 women), mental incapacity (33 women), and illness (64 women). The remaining 2755 women were invited and 2319 of them (84%) agreed to participate. After surgery, 590 women were excluded because their final diagnosis was not confirmed as epithelial ovarian cancer, 19 because their cancer was first diagnosed before the start of the study period, and one because she was not an Australian resident at the time of diagnosis. Of the final 1710 eligible cases, 1500 (88%) returned a completed questionnaire. Cases were classified as invasive or borderline (low malignant potential) and as serous, mucinous, endometrioid, clear cell, or mixed and other histological subtypes, by reviewing pathological reports.
We randomly selected potential controls, frequency matched to the expected case series by age (in 5-year groups), and state of residence, from the Australian Commonwealth Electoral first five years. Cumulative ambient UVR for different age periods was then summed to obtain the lifetime ambient UVR. Because this measure is strongly determined by current age, we estimated the average daily ambient UVR over the lifetime by dividing the lifetime ambient UVR by their age in days.
Differences in the distribution of demographic characteristics and potential risk factors between cases and controls were tested by Student t test or Pearson's Chi-square statistics, as appropriate. We estimated the strength of associations between ambient UVR and ovarian cancer (overall, invasive and borderline) by calculating crude and adjusted odds ratios (OR) and 95% confidence intervals (95% CI) using conditional logistic regression on age (5-year) and state of residence with adjustment for potential confounders. We included lifetime and average daily ambient UVR over the lifetime as both continuous and categorical measures.
For analyses of the continuous measure, we first estimated the effect size for a standard deviation increase in lifetime and average daily ambient UVR over the lifetime and ovarian cancer risk. We also used generalized additive models adjusting for the potential confounders to identify possible non-linear relationships between lifetime ambient UVR and ovarian cancer risk using restricted cubic splines. For categorical analyses, tertiles of the lifetime and average daily ambient UVR were used based on the combined distribution of the cases and controls, and the lowest level was used as the reference category in a conditional logistic regression analyses with age and state as matching factors.
To adjust for potential confounding we included in the models all variables that have been shown to be associated with ovarian cancer risk (parity, ever breastfed, use of hormonal in pack-years, and lifetime average alcohol consumption were also considered in a multivariable adjusted model but they were not retained in the final models as they did not significantly alter the relevant odds ratios. Trend tests were based on the ordinal tertiles.
Statistical analyses were performed in SAS version 9.2 (SAS Institute, Inc., Cary, NC).
Generalised additive models were generated using R (version 2.10.1 with mgcv package).
Results
This study included 1459 controls and 1500 cases -1215 had invasive tumors and 285 had borderline tumors ( Table 1) . Ninety-five percent of participants were of Caucasian origin.
Twenty-six percent of participants were born overseas, and the proportion of people born overseas was significantly higher in cases than controls (P<0.0001). Cases were slightly older than controls (P=0.002), and they were less likely to have continued their education beyond high school (P=0.02). Compared to controls, cases were more likely to be nulliparous (P<0.0001), and to have a family history of breast or ovarian cancer (P=0.0002). In addition, cases were less likely than controls to report the use of oral contraceptives (P<0.0001), and to have ever breastfed (P=0.0001).
Lifetime ambient UVR in this study population ranged from 1. 
In categorical analyses, women in the highest third of ambient lifetime UVR were at lower risk of ovarian cancer than those in the lowest third (OR=0.78, 95% CI 0.60-1.02) ( Table 2) , with the magnitude of association being stronger for borderline than invasive tumors.
Adjustment for further potential confounders slightly weakened the estimates of effect. These findings were supported by results of analyses in which average daily ambient UVR over the life course was used as the exposure measure. There was a significant inverse association overall (OR for highest third compared with lowest=0.70, 95% CI 0.56-0.88) which was more marked for borderline (OR=0.47, 95% CI 0.31-0.71) than for invasive tumors (OR=0.78, 95% CI 0.61-1.00) ( Table 2 ). The association between ambient UVR and ovarian cancer did not differ significantly by state of residence at recruitment (data not shown).
Analyses stratified by tumor type showed that a higher level of average daily ambient UVR These results are consistent with previous ecological studies showing that ovarian cancer incidence and mortality increase with decreasing ambient UVR or with markers of high UVR exposure such as non-melanoma skin cancer (6, 8, 13) . Nevertheless, a recent cohort study that used the TOMS database to estimate ambient UVR found no association between ambient UVR and risk of ovarian cancer (10) . Notably, this study examined only the relationship with ambient UVR at the point of study entry, a maximum of 9 years before cancer diagnosis, unlike our study which considered the effect of total lifetime exposure.
The major strengths of this study include the population-based study design, with adequate sample size and high case response rate. Ambient UVR estimates for the entire life were obtained for almost 90% of all participants, as were data for known risk factors and potential confounders. It is possible that there are other unmeasured confounders, but any residual confounding would have to be of a large magnitude to explain the observed effects and we consider this to be unlikely. We have mapped ambient UVR using the satellite TOMS Our study does have a number of potential limitations. Firstly, the ambient UVR was assigned for broad age periods, obscuring any changes due to change of address during these periods. To explore the possibility of differential error between cases and controls, we generated the ratio of the highest ambient UVR to the lowest as a surrogate measure for mobility between ambient UVR zones for each participant. The mean ratio was 1.4 for both cases and controls, suggesting that the difference in ambient UVR across the life course in both groups was similar and that any misclassification was unlikely to be differential.
Secondly, we did not have measures of sun exposure behavior, possibly resulting in misclassification of actual levels of personal exposure to UVR. However the relation between sun exposure behavior and ambient UVR is unlikely to differ between cases and controls so this should not explain the observed results.
There was a relatively low participation rate among controls (47%) in this study raising a concern about possible selection bias. We assessed this issue by comparing data from our control group with data from the 2004 Australian National Health Survey (NHS, a representative survey of the Australian adult population) (15). The distributions of educational level, BMI and parity among our control women were almost identical to those in the NHS suggesting that bias among our controls is likely to be minimal; current smokers were slightly under-represented in our controls. We also considered the possibility that the findings were due to differential responses between cases and controls in different regions.
However the response rate for cases was slightly higher in areas with higher ambient UVR than in those with lower ambient UVR, whereas the response rate for controls was not related to levels of ambient UVR. 
of ovarian cancer cells (16) and induce apoptosis (17) . There is some evidence to support an inverse association between serum 25(OH)D and ovarian cancer risk, but a meta-analysis of 10 cohort and nested cases-control studies found that each 20 ng/ml (or 50 nmol/L) increase in serum 25(OH)D was associated with a 17% reduced risk of ovarian cancer, although the association was non-significant (95% CI 0.63-1.08) (18) . Importantly, serum 25(OH)D measured at the point of entry into a cohort may not reflect lifetime levels, particularly if ambient UVR has changed.
Studies of vitamin D intake (either through diet or supplements) and risk of ovarian cancer have generated inconsistent results. A Mexican study (19) showed an inverse association between high levels of dietary vitamin D intake and ovarian cancer risk, whereas a nested hospital-based case-control study in Italy (20) and some cohorts in the US (21-23) generated null findings. In contrast, a pooled analysis of 12 cohorts from North America and Western Europe showed that higher levels of dietary vitamin D intake were associated with increased risk of ovarian cancer (24) , but there was no association between total vitamin D intake (from diet and supplements) and ovarian cancer risk.
We did not measure levels of 25(OH)D in this study as this would be inappropriate within the context of a case-control study of a serious disease in which participants are recruited after their diagnosis of cancer (by definition). Any results obtained from such an analysis would be essentially uninterpretable due to the changes in diet, physical activity, occupation, body mass, and outdoor exposure that occur around the time of cancer diagnosis. As epithelial ovarian cancer is usually symptomatic in the interval leading up to diagnosis, it is probable that behavior will have changed prior to diagnosis. In addition, because serum 25(OH)D has such a short half-life, it will reflect sun exposure and dietary intake within the month prior to blood draw, when patients are likely to have been undergoing diagnostic testing and/or initial It is possible that any effect of ambient UVR on risk of ovarian cancer is independent of its effect on vitamin D synthesis. It appears that UVR and vitamin D have independent effects on the immune system (25) , although the significance of this for cancer development is unclear. For other diseases, such as demyelination of the central nervous system, evidence of independent effects is emerging (26) , and this is clearly an area which needs further exploration.
In conclusion, findings from this study support an inverse association between ambient UVR and risk of ovarian cancer. While this is consistent with results from ecological studies, it is in contrast with a recent cohort study. Further studies are needed to help resolve this issue.
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